This paper is concerned with the robust control for a general class of discrete chaotic systems with unmatched uncertainties. It is implemented by using discrete sliding mode control (DSMC). The proposed DSMC ensures the existence of the sliding mode. The chaotic behavior can be inhibited in an estimated bound in the state space even with unmatched uncertainties, which is not well addressed in the literature. The numerical simulation results demonstrate the feasibility and effectiveness of the proposed scheme.
Introduction
The chaotic system is with a bounded unstable dynamic behavior that exhibits sensitivity dependent on initial conditions and contains random responses in the strange attractor. However, the chaos behavior in some engineering system is highly unexpected because it will influence performance of system. In recent years, growing interests from physics, chemistry, biology, and engineering have stimulated the studies of chaos control techniques [1] [2] [3] [4] [5] [6] . Several control methods leading to suppression of chaos have been presented. One of the famous masterpieces is a kind of feedback control OGY method [4] , which uses some weak feedback control to make the chaotic trajectory approach and settle down finally to a desired stabilized periodic orbit, formerly unstably embedded in the chaotic manifold. The other one is a kind of non-feedback control, which usually uses given external or parametric excitations to control the behavior of a system [6] [7] . Meanwhile due to the progress of computer and digital signal processing technology, the discrete-time model of chaotic systems can be easily obtained [8] and research in discrete-time control has become intensified in recent years [8] [9] [10] .
As for robust control, in these three decades, sliding mode control has become the useful and distinctive robust control strategy for controlled systems [11] . There is a main advantage of sliding mode control which is the robustness to matched uncertainties. However, sometimes in conventional sliding mode control, it is difficult to discuss the stability of the systems with unmatched uncertainties.
In this paper, we study the design of chaos suppression for the general discrete chaotic systems with unmatched uncertainties. We propose a novel DSMC scheme to solve the chaos suppression problem. This proposed DSMC scheme can be effectively applied for all general classes of chaotic systems. A special type of sliding surface is proposed to avoid the reducing order and it becomes easy to estimate the stability of the closed-loop system in sliding motion. The proposed DSMC ensures the occurrence of the discrete sliding mode and the chaotic behavior can be suppressed in a predictable bound in the state space.
System description and controller design
To describe the chaotic systems in the real physical world, the considered controlled discrete chaotic system with general form is assumed to be subjected to external disturbance and it can be written as follows:
where T is the sampling time and In this paper, the goal of design is to propose a DSMC such that the chaotic behavior of systems can be robustly suppressed. As a sequence, the DSMC design is composed of two phases. First, it needs to select an appropriate sliding surface such that the sliding motion on the manifold can inhibit the controlled state to a predictable bound in the state space. Second, it needs to determine a control law to guarantee the existence of the sliding mode and maintain the system dynamics on the sliding manifold [11] . To complete the design steps above, both the sliding surface and DSMC design are discussed as follows:
Phase 1: The sliding surface design:
To ensure the sliding motion on the manifold can inhibit the controlled state. The sliding surface   sk is given as:
where   
Therefore we can obtain the equivalent controller from (3),
Substituting (4) into (1), we can obtain the equation in the sliding manifold as following:
For simplicity, we rewrite (5) as
where A A BK 
can be rewritten as:
where T is the eigenvectors of A BK  According to (7), we can obtain the following inequality (8) 
In (9), the relation of 
According to (4), we can obtain the equivalent controller (12) when the system dynamics on the sliding manifold.
Substituting (12) into (1), the equivalent dynamic system is obtained as
In this case with matched disturbances, we can select appropriate K such that the eigenvalues of A BK  are all in the unit circle. If this condition is satisfied, the system is asymptotically stable. Therefore the effect of matched disturbances can be fully eliminated in the sliding manifold.
Phase 2: Discrete Sliding Mode Controller Design
Although we have guaranteed the stability of state dynamics in the sliding manifold, we still need a discrete sliding mode controller to ensure the existence of the sliding motion. A reaching law is given in Lemma 1 [10] .
Lemma 1:
If the following hitting condition (14) of sliding motion is satisfied, then the trajectories of the controlled dynamics system converge to the sliding mode, i.e. 
where
then reaching condition (14) of the sliding mode is satisfied and the trajectories of the controlled dynamics system converge to the sliding mode, i.e.
Proof:
From (14), we have
Therefore, the hitting condition (14) is always satisfied and   sk can converge to the sliding surface   0 sk  . Hence the proof is achieved completely.
Experimental Results
In what follows, the proposed DSMC is used to copy with the chaos suppression problem of the following Lorenz chaotic system. The continuous type of system dynamics is given as [12] Continuous Lorenz chaotic system: The chaotic figures of discretized Lorenz chaotic system (19) are shown in Fig. 1 and display strange attractors as the nominal continuous Lorenz chaotic system (18). Fig. 1 The attractors of discrete Lorenz chaotic system.
In this example, we add unmatched external disturbances in discrete Lorenz chaotic system (19) to demonstrate the effectiveness of the proposed scheme. We will suppose that the external disturbances
. According to (10) we can obtain the bound Step2: According to (15), the sliding mode control law is obtained as follows: (20) The simulation results are shown in Figs. 2-3 . From Fig.  2 , it is obvious that the controller (20) can suppress the state responses of controlled system in the estimated bound as predicted. Fig. 3 displays that the sliding mode surface converges to the designed switching surface under the proposed control (20). 
Conclusions
By applying discrete sliding mode control, the problem of chaos suppression for general classes of discrete chaotic systems has been studied. A sliding surface is first proposed, and then based on it, a discrete sliding mode controller is derived to guarantee the inhibition of chaotic systems. Furthermore, the illustrative example has demonstrated the validity of the proposed theoretical results.
